Abstract. For processing mass high quality products, it is crucial that the machine tool can keep a good running in the manufacturing process. In order that the product percent of pass is up to the standard of production, it needs to predict the reliability of the machine tool as soon as possible, which belongs to the probability distribution unknown. Based on the fuzzy set theory, prediction experiments for the reliability of the machine tool by product performance data can be realized. Prediction experiment of judging the reliability of the machine tool shows that under the confidence level P = 95.44%, if the relative error of the measurement uncertainty of the experimental data is not more than 45%, the machine tool is reliable; otherwise, the machine tool is not reliable. Prediction experiment of evaluating the reliability of the machine tool shows that it can be accurately predicted the reliability of the machine tool according to the fuzzy set theory.
Introduction
In the mechanical industry, the machine tool is used to manufacture the components of the complex products such as aircrafts, steamships, high speed trains etc. With the market competition increasingly fierce of mechanical products, more and more researchers study the reliability of the machine tool to reach the high performance indicator of mechanical products [1] . Obviously, it is necessary to do experiment to predict the reliability of the machine tool.
For the normal machine tool, the fluctuation range of the product performance data in the manufacturing process owns minor variations in large or small. If the variation range is still in the allowed range of processing, and the machine tool in this stage is considered as reliable. As the accumulation of processing time, the fluctuation range of the product performance data is larger and larger to a certain extent in which it can be considered that the manufacturing process is unreliable [2] [3] [4] [5] [6] .
According to the fuzzy set theory [7] [8] [9] [10] , the product performance data under investigation are processed to predict accurately the reliability of the machine tool using the evaluation method [7] in this paper.
Prediction experiments for the reliability of the machine tool
Prediction experiment of judging the reliability of the machine tool. Based on the evaluation method [7] , in the simulation experiment, the simulation data are generated by computer simulation, which can be used to simulate the measured data of the product performance. The simulation data can reflect the change degree of the reliability of the machine tool which is from reliable to unreliable.
10 simulation data which obey normal distribution with the mathematical expectation E 1 =0 and the standard deviation σ=0.01 are generated by Monte Carlo method, are considered as the 10 measured data of the product performance, constituting the intrinsic sequence X 1 of the machine tool.
The expanded uncertainty (±2σ 1 ) of the intrinsic sequence X 1 is defined as the allowed fluctuation Table 1 and Table 2 and all of simulation data can constitute the simulation data sequence X 60 , as shown in Fig. 1 . Table 2 Intrinsic sequence and evaluated sequences of simulation data sequences obeying normal distributions
Evaluated sequences Based on the fuzzy set theory, the intrinsic sequence and the evaluated sequences of the simulation data sequences obeying normal distributions are processed using the fuzzy norm method under the confidence level P=95.44%.
According to the evaluation method [7] , Let L=3, and adjust the level λ=λ * to meet that the confidence level P=95.44%. It is estimated that the optimal level λ * and the optimal fuzzy uncertainty U λ* at the optimal level λ * . Then it is estimated that the relative error dU jλ* of the optimal fuzzy uncertainty U jλ* between the evaluated sequences and the intrinsic sequence, and the estimated results as shown in Table 3 . In theory, under the confidence level P=95.44% corresponding to the fluctuation range of (±2σ), the biggest relative error of the uncertainty of the machine tool is regarded as that dU=(6σ 1 −4σ 1 )/4σ 1 =50%.
From the estimated results in Table 3 , under the confidence level P=95.44%, the relative error of the optimal fuzzy uncertainty is dU λ* =45%<50%, which can be considered as the critical value whether the machine tool is reliable or not. If dU λ* ≤45%, the machine tool is reliable in this stage and the production can be continued; if dU λ* >45%, the machine tool is unreliable in this stage and the operators must stop production timely.
According to the estimated results in Table 3 , it is further that the reliability degree of the machine tool can be divided into five grades, like I, II, III, IV, V, respectively, to accurately evaluate the reliability of the machine tool, as follows:
I indicates that if dU λ* ≤15% and the machine tool is the best reliable; II indicates that if 15%<dU λ* ≤25% and the machine tool is the more reliable; III indicates that if 25%<dU λ* ≤35% and the machine tool is generally reliable; IV indicates that if 35%<dU λ* ≤45% and the machine tool is the worse reliable; V indicates that if dU λ* >45% and the machine tool is unreliable. Due to complex structures and mass influence factors, the uncertainty of the machine tool is unknown. In the actual process, it is in consistent with the actual situation that the reliability of the machine tool appears better or worse than before.
Prediction experiment of evaluating the reliability of the machine tool. Based on the evaluation method [7] , the experimental data of the outer raceway roundness for the tapered roller bearing with 30204 are collected to evaluate the reliability of the machine tool.
After a special grinder adjustment, 30 sets of the bearings are selected randomly in the normal production to measure their outer raceway roundness, and the measured data can constitute the experimental data sequence X 30 of the outer raceway roundness of the bearings, as shown in Fig. 2 .
The former 10 measured data in X 30 are considered as the intrinsic sequence X 1 of outer raceway roundness and the later 20 measured data in X 30 are equally divided into two groups and each group of 10 measured data, which are considered as the evaluated sequences X 2 , X 3 , respectively, as shown in Table 4 . Based on the fuzzy set theory, the intrinsic sequence and evaluated sequences of the 30 experimental data of the outer raceway roundness of the bearings are processed by the fuzzy norm method under the confidence level P=95.44%.
According to the evaluation method [7] , Let L=3, and adjust the level λ=λ * to satisfy that the confidence level P=95.44%. It is estimated that the optimal level λ * and the optimal fuzzy uncertainty U λ* at the optimal level λ * . Then it is estimated that the relative error dU jλ* of the optimal fuzzy uncertainty U jλ* between the evaluated sequences and the intrinsic sequence, and the estimated results as shown in Table 5 . In Fig. 2 and Table 4 , it can be seen that the fluctuation range of the evaluated sequences X 3 is larger than the fluctuation range of the intrinsic sequence X 1 , and the fluctuation range of the evaluated sequences X 2 is smaller than the intrinsic sequence X 1 for the 30 experimental data. The above descriptions are the characteristics of the 30 experimental data in themselves.
In Table 5 , the relative error dU λ* is computed that dU 2λ* =−13.897%<0, and it can indicate that the fluctuation range of the outer raceway roundness data of the bearings grows small and the reliability of the machine tool turns into better than before, which is the best reliable in I stage. The relative error dU 3λ* is computed that 25%<dU 3λ* =25.5773%<35%, it can indicate that the fluctuation range of the outer raceway roundness data of the bearings grows large and the larger fluctuation range still is in the permitted range of products. It is considered that the reliability of the machine tool is in III stage, which the machine tool is generally reliable in this stage.
Therefore, the prediction results for reliability of the machine tool by product performance data accord with the characteristic law of the experimental data. The reliability of the machine tool is accurately evaluated by the fuzzy set theory. Prediction experiments for reliability of the machine tool by product performance data have a certain reference value in the mechanical research fields.
Summary
Prediction experiment of judging the reliability of the machine tool shows that If dU λ* ≤45%, the machine tool is reliable and the production can be continued; if dU λ* >45%, the machine tool is unreliable and the production should timely be stopped and the inspection and maintenance for the machine tool should be implemented as soon as possible. It is further obtained the reliability degree of the machine tool can be divided into I, II, III, IV, V, respectively to accurately evaluate the reliability of the machine tool, which is a good basis for evaluating accurately the reliability of the machine tool.
Prediction experiments of evaluating the reliability of the machine tool show that the reliability of the machine tool is accurately evaluated by the fuzzy set theory.
